Background: It is unknown whether variability of estimated Glomerular Filtration Rate (eGFR) is a risk factor for dialysis or death in patients with chronic kidney disease (CKD). This study aimed to evaluate variability of estimated Glomerular Filtration Rate (eGFR) as a risk factor for dialysis or death to facilitate optimum care among high risk patients.
Background
Chronic kidney disease (CKD) affects 15% of the U.S. adult population and is associated with a high burden of morbidities and mortality [1, 2] . Patients with CKD are a heterogeneous group characterized by varying rates of progression to a devastating outcome such as end-stage renal disease (ESRD), likely due to presence/absence of various risk factors [3] [4] [5] [6] . Identifying risk factors of CKD progression or death will directly benefit patients by helping clinicians optimize health care and provide proper referral to multi-disciplinary clinics based on patients' risk profiles, hence may help reduce patients' risk of morbidities and mortality. Existing literature has provided support for many risk factors of CKD progression or death. A greater degree of estimated glomerular filtration rate (eGFR) downward trend was found to be associated with higher mortality [7] . Other identified predictors of CKD progression included demographics (age, sex, race), laboratory test results (proteinuria, phosphorus, albumin, hemoglobin), and comorbidities (diabetes, vascular disease, and hypertension) [3, 7, 8] . Recently, an algorithm was proposed to combine those factors in predicting a patient's progression [9] . However, CKD progression is usually not constant over time [10] [11] [12] . For example, acute kidney injury-sudden deterioration of kidney function, is a critical adverse event in CKD progression [13] [14] [15] .
eGFR is often used in tracking CKD progression. Although it is well recognized by clinicians that a single eGFR may not provide sufficient and complete information to one's kidney function. For instance, two patients with the same eGFR value may have different resilience to kidney offense. Namely, other risk factors being equal, an adverse event or an acute disease (i.e., a stimulus) such as an infection may deteriorate kidney function (less renal resilience) in one patient but not in the other (greater resilience). In this study, we have proposed to use variability of eGFR values to measure kidney resilience, with larger eGFR variability indicating reduced kidney resilience to stimuli, and considered the state of kidney resilience as a potential risk factor of CKD progression. There are studies that have attempted to use repeatedly measured eGFRs to model CKD progression using different statistical approaches, including modeling of non-linear trajectories [12, [16] [17] [18] . A recent study measured variability of kidney function using repeated measured eGFRs [19] and found it to be associated with increased risk of death in stage 3-5 CKD patients.
In this study, we also aimed to evaluate eGFR variability as a risk factor; however, we have used different study designs and methods, and included not only death but also dialysis as the adverse CKD outcomes of interest. Our hypothesis is that greater eGFR variability is associated with a higher risk of incurring dialysis or dialysisfree death, independently of the CKD progression trend. In essence, we believe although renal function decline may be inevitable for patients with CKD, those with similar decline rate of eGFR may be further differentiated by degree of renal resilience, as reflected by eGFR variability.
We chose to focus on CKD patients with coexisting diabetes in the study. Patients with diabetes are at higher risk of developing CKD. The risk of morbidity and mortality increase in CKD patients with diabetes [20] , highlighting the importance of assessing and managing risk factors associated with progression of CKD. Furthermore, both conditions have considerable costs and negative impacts to individuals, health care systems, as well as the society as a whole, and they are increasingly prevalent. In the Veteran Health Administration (VHA) health care system, about one in five veterans have diabetes [21] and 30% of veterans with diabetes have CKD [22, 23] .
Methods

Study design, data sources and study population
This was a longitudinal retrospective cohort study of VHA veteran patients with diabetes in fiscal year (FY) 2000 (9/30/1999-10/1/2000) from a national research database containing linked longitudinal patient records of inpatient and outpatient services [21] . We determine the baseline CKD status using two outpatient eGFR values less than 60 ml/min/1.73 m 2 : the first (index) eGFR value was identified in FY2000, followed by a subsequent qualifying eGFR 90 to 365 days apart from the index eGFR. [23] eGFR was calculated with the four-variable version of the Modification of Diet in Renal Disease equation [24, 25] . The baseline period was the 12 months prior to (and including) the date of the qualifying eGFR. Individuals were followed through FY2004, with follow-up time ranging between less than a year and close to five years.
Of the 653,064 VHA clinic users with diabetes in FY2000, we excluded individuals according to different criteria detailed in Figure 1 . Patients enrolled in Medicare Health Maintenance Organization (HMO) were excluded because detailed Medicare HMO data is not routinely collected by Center for Medicare and Medicaid Services. We also excluded individuals with evidence of prior dialysis, using International Classification of Diseases, Ninth Edition, Clinical Modification (ICD-9-CM) diagnosis and procedure codes, Current Procedural Terminology codes, revenue codes (Medicare Part A), and VHA clinic stop codes ( [23] ; Additional file 1). We determined CKD stage using the qualifying eGFR based on the National Kidney Foundation Kidney Disease Outcome Quality Initiative (K/DOQI) criteria [24] , and divided stage 3 into early (eGFR 45-59 ml/min/1.73 m 2 ) and late stage (eGFR 30-44 ml/min/1.73 m 2 ) [1, 23] . We excluded individuals in stage 5 CKD, who are close to developing ESRD.
The VHA New Jersey Healthcare System Institutional Review Board approved the study. This study received a waiver of consent from the facility Internal Review Board.
Outcome measures
The outcome was time from the date of the qualifying eGFR to the event of dialysis or dialysis-free death, whichever came first. The event time was censored if the individual was enrolled in Medicare HMO or alive at the end of FY 2004. Death information came from the VHA Vital Status File [26] . We ascertained dialysis using the method described above, but selected codes explicitly referring to dialysis treatment (see Additional file 1).
Independent variables
The primary exposure variable was variability in the outpatient eGFR values. For each patient, we calculated standard deviations (SDs), concurrent means, and slopes of eGFR progression (derived from a linear regression) of repeatedly measured eGFRs in a series of (five) twoyear moving intervals. In our analyses, the number of actual eGFR measurements per patient was at least two in each of the five intervals. These variables were later used as time-varying variables in Cox regression models. Other independent variables included demographic variables (age, sex, and race/ethnicity), VHA priority status, and clinical factors: prior hospitalization and medical comorbidities, all derived from the baseline period. The VHA categorizes veteran enrollees into 1 of 8 mutually exclusive priority groups [27] based on poverty level and service connected disability. We regrouped patients into four levels (severely disabled, moderately disabled, poverty, and co-payment required). We applied the Selim Comorbidity Index [28] to determine health status using ICD-9-CM codes, including indicators of physical (cardiovascular and non-cardiovascular conditions separately), and mental comorbidities. Cardiovascular conditions included angina pectoris, myocardial infarction, congestive heart failure (CHF), peripheral vascular diseases, and stroke. Mental comorbidities included schizophrenia, depression, bipolar disorder, anxiety, post-traumatic stress disorder, and alcohol abuse.
Statistical analysis
We fitted the Cox proportional hazards models to evaluate the association between eGFR variability and risk of dialysis or dialysis-free death by each CKD stage. Prior to statistical modeling, we evaluated possible correlation/association among independent variables and found little indication of co-linearity among variables within each model.
Primary analysis: We divided the follow-up time into yearly intervals and included the eGFR SDs, means and slopes (derived from the two-year interval prior to each yearly interval in the follow-up) as lagged time-dependent covariates. Because higher values (hence greater means) are usually associated with greater SDs, and lower values (smaller means) are associated with smaller SDs, we included both SDs and means (derived from the same time intervals) as time-dependent covariates in the Cox models. We also included interactions of eGFR SDs and slopes to assess if the influence of eGFR variability differs with changes in the slopes.
Sensitivity analysis: We conducted four sensitivity analyses to evaluate robustness of the findings from the primary analysis. First, regarding the length of the time interval used to derive the time-varying eGFR SDs, means and slopes, we re-fitted Cox regression models using re-calculated time-varying eGFR SDs, means and slopes from a one-year interval (prior to each yearly interval in the follow-up). Second, we re-divided the follow-up time into quarterly intervals and included eGFR SDs, means and slopes from prior eight quarters (two years) as time-dependent variables in Cox regression models. Third, we examined the effect of extreme slopes on our main findings by removing those with absolute values greater than 36.5 or 25.0 ml/min/1.73 m 2 per year; this also simultaneously removed extreme SDs. Fourth, as an alternative, for each patient in each defined time interval we obtained the standard deviation of eGFR residuals from the linear regression model used to obtained a eGFR slope [29] , and refitted Cox regression models. Results of these sensitivity analyses were very similar and we chose to present only findings of the main analysis.
Results
Of the 70,598 study patients, 61.2%, 28.9%, and 9.9% were in early stage 3, late stage 3, and stage 4 CKD, respectively. Table 1 also shows that they were largely men (97.5%), and the mean age was 70(±9) years. There were 81.9% white, 14.2% African American, 2.3% Hispanics, and 1.6% were of other racial groups. At the baseline, 36.6% had prior hospitalizations, 69.5% had cardiovascular conditions, 98.3% had other non-cardiovascular conditions, and 19.0% had mental comorbidities. Individuals in stage 4 were more likely to be non-White, and had higher rates of prior hospitalizations and comorbidities than those in stage 3. During follow-up, 19,939 (28.3%) had dialysis-free death, and 7,193 (10.3%) had dialysis. The rate of dialysis or dialysis-free death was higher for patients with more severe CKD: 29.1% for early stage 3, 46.8% for late stage 3, and 73.3% for stage 4 CKD. Overall, the median follow-up time was 3.8 years (range: <0.01-4.8).
Generally, eGFR SDs and means decreased as CKD advanced (Table 2 ). To account for the effect of mean in interpreting SDs as a measure of variability, we have supplemented the statistic of coefficient of variation (defined as standard deviation divided by mean). The summary statistics show that eGFR variability (relative to the mean) increased when CKD progressed. The median coefficient of variation was 10.9 for early stage 3, 12.8 for late stage 3, and 15.4 for stage 4 CKD. The median eGFR SDs from all of the two-year intervals were 5.8, 5.1, and 4.0 ml/min/1.73 m 2 for early stage 3, late stage 3, and stage 4, respectively. A downward trend of eGFRs was observed for all CKD stages, with the magnitude increasing as CKD progressed. The median slopes went from −2.2 in early stage 3 to −3.5 ml/min/1.73 m 2 /year in stage 4. Figure 2 delineates the relationship between variability in eGFRs (SDs) and presence/absence of the events of dialysis or dialysis-free death. Across all three CKD stages and for all follow-up years, individuals with events always had significantly (p < 0.001 from t-tests) greater average SDs than those without events, with the exception of the last four follow-up years in stage 4 (p > 0.05).
In Table 3 , results from Cox regression models show that a greater eGFR SD was associated with elevated risk of dialysis or dialysis-free death, with or without adjusting for other independent variables. For example, in early stage 3, 1 ml/min/1.73 m 2 increase in eGFR SD in prior two years would increase the risk of dialysis or dialysis-free death in the current year by 7.6% after adjusting for the eGFR means and slopes (Model 1, adjusted hazard ratio (AHR) = 1.076; 95% CI = (1.071, 1.080)), or by 7.2% after additionally adjusting for other demographic and clinical variables (Model 2, AHR = 1.072; 95% CI = (1.067, 1.080)). Similar associations were found in the other CKD stages. Interactions of eGFR SDs and slopes were not statistically significant.
Other independent variables were also significantly related to the risk of dialysis or dialysis-free death. If the eGFR declined by 10 ml/min/1.73 m 2 per year in previous two years, the risk would increase by 1.0% (Model 2, AHR = 1.010; 95% CI = (1.003, 1.017)) in early stage 3 CKD, and 6.7% (Model 2, AHR = 1.067; 95% CI = (1.038, 1.096) in stage 4 CKD. Compared to patients younger than 45 years old, patients 65 or older in early stage 3, 75 or older in late stage 3, and 85 or older in CKD 4 were at greater risk. Women tended to have lower risk (AHR range: 0.63 to 0.66) than men. African Americans, but not other racial/ethnic minorities were at higher risk (1.07 to 1.14) than Whites. Individuals with severe service connected disability also had higher risk (1.17 to 1.26) compared to others. As regards clinical factors, 
Discussion
In this large cohort study of longitudinal outpatient eGFR values, we found that greater variability in eGFRs, measured by SDs in a dynamic/time-varying fashion over the follow-up, was associated with elevated risk of dialysis or dialysis-free death, even after controlling for downward trends (slopes) in CKD progression and other demographic and clinical factors. In all three CKD stages, one ml/min/1.73 m 2 increase in a patient's SD of eGFRs from prior two years was significantly associated with about 7% increase in risk of dialysis/death in current year (e.g., adjusted hazard ratio in early stage 3:1.072; 95% CI = (1.067, 1.080)). A recent study [19] of stage 3-5 CKD patients also found the variability in repeatedly measured eGFRs to be associated with death, although eGFR variability was measured differently and only death was evaluated as the outcome in the study. Both studies used VHA patients and have detailed individual-level electronic health records in the VHA health care system. However, our study had Medicare information for totality of data rather than VHA data alone (most VHA patients are also Medicare eligible). Additionally, we simultaneously evaluated eGFR slopes and eGFR variability as potential risk factors by including both as time-varying independent variables in the statistical models. We found that a faster downward eGFR progression was associated with increased risk of CKD outcomes. This is consistent with the literature [7] and the common knowledge among clinicians caring for CKD patients.
Since our findings support the hypothesis of eGFR variability (measured by standard deviation) being associated with increased risk of dialysis or dialysis free death, the key message for clinicians or health policy makers is to consider using a simple statistic-standard deviation, to assist in clinical care of CKD patients. We have proposed to measure eGFR variability using the statistic of standard deviation because it reflects the essence of the concept and is familiar among clinicians CKD: Chronic Kidney Disease; Model 1: Containing eGFR variation (SD), mean, and slope variables; Model 2: Model 1 plus all other independent variables (age, sex, race/ethnicity, VHA priority status, presence of hospitalization, cardiovascular conditions, and mental comorbidities); AHR: Adjusted Hazard Ratio; CI: Confidence Interval; All variables except for eGFR SD, mean and slope variables (time-varying variables) were derived from the baseline period. The indicator of presence of non-cardiovascular conditions (Table 1) was not included in the modeling because about 99% of patients had the conditions; eGFR: estimated Glomerular Filtration Rate; SD: standard deviation; VHA: Veterans Health Administration. The 880 people in the missing category of VHA priority status (Table 1) was not included for this analysis; We rounded the estimates for eGFR SD, mean and slope to the third decimal place to allow differentiation between the AHR, and low and high limit of the 95% CIs.
and policy makers. Table 2 ). Since the renal function of patients with CKD is expected to decline over time (hence decreased eGFR values), one would expect their standard deviations of eGFR values decrease as well. Therefore, it is important to note that in comparing a patient's past and current eGFR SDs, an increased SD would not be expected and may warrant more detailed assessment.
Although variability in eGFR in CKD progression may have not been well studied, the concept of variability has been applied to different physiological markers in medicine and is supported by various biological mechanisms. For example, within-visit variability of blood pressure was associated with stroke and all-cause mortality [30] . Heart rate variability predicted worst outcomes in perioperative and intensive care settings [31] . Furthermore, home blood pressure and heart rate variability were associated with cardiovascular events [32] , and hemoglobin (Hb) variability was associated with higher mortality among patients with ESRD [29] or type 2 diabetes [33] . In patients with type 1 diabetes, HbA1C variability was predictive of development of microalbuminuria, progression of kidney disease and cardiovascular events [34] .
In this study, we propose to measure eGFR variability as a proxy for kidney resilience to stimuli. Greater variability of eGFR values over time means decreased renal function and more stable eGFR values over time means less damaging renal function. We caution not to confuse this with the renal reserve (RR) test. The renal reserve measures ability of a kidney to increase basal GFR after a protein overload [35] ; a larger value means a better kidney ability/function. In CKD patients, renal reserve is usually preserved but with a lower magnitude, suggesting that remaining nephrons are able to maintain some response to protein overload despite already being in a state of hyperfiltration [35, 36] .
Understanding predictors and pathways to ESRD/dialysis in patients with CKD is important. A recent study reported that patients were highly concerned with the uncertainty of CKD progression and that physicians were frustrated with their inability to predict the course of CKD [37] . Uncertainty in predicting CKD progression may limit clinicians' ability in effective CKD management and impair preparation for dialysis such as vascular access placement for high-risk patients [38] . Understanding CKD progression and identifying patients at high risk of adverse outcomes is also valuable for health care resource and program planning to improve CKD care. The uncertainty rises mainly due to acute changes, eGFR variability, and/or other characteristics of the course of CKD progression, already stated above. Pathways other than linear slopes have been described, but require a rather difficult application of statistical modeling [12] . Prospective clinical studies may help to address these issues. We suggest that regional health maintenance organizations with electronic health records attempt to replicate our findings. We also recognize that the general unavailability of electronic medical records makes implementation of eGFR variability problematic. However, the evaluation of individual level longitudinal data using electronic records are consistent with Federal policies to establish meaningful use criteria; it provides the opportunity to simultaneously improve quality, safety, and efficiency and the results can provide decision support for national high-priority conditions.
We would like to note that there are existing studies addressing the question of changes in repeatedly measured eGFR values. It was reported that patients in the quartile with the greatest eGFR change were more likely to incur death [39] [40] [41] and ESRD in one study [42] although not in another [43] . In these studies, eGFR change was defined as annual decline (measured as change in eGFR values from two visits relative to the time elapsed between these visits) [39] or percentage of change in eGFR values (measured as change in eGFR values from two visits relative to the first eGFR value) [42] or both [40] , or mean absolute eGFR residual values [41, 43] ; patients then were assigned into quartiles based on the value of eGFR change. The findings of these studies were largely consistent with ours, although different approaches were used.
There are a few unique features of this study: 1) the advanced modeling of variability, slopes, and means of repeated eGFR values over time as time-dependent variables (calculated in each two-year interval with sensitivity analyses) allows us to effectively test the hypothesis and address the research question; 2) The explicit adjustment of eGFR slopes (as a time-dependent covariate) allows us to evaluate whether there is an interaction between eGFR variability and CKD progression or only existence of their main effects; 3) inclusion of both dialysis and death as adverse CKD outcomes for evaluation provides us overall understanding of risks of two critical adverse outcomes of CKD progression in relation to eGFR variability; and 4) evaluation of the associations by CKD stage permits us to compare whether findings depend on baseline renal status.
Our study has limitations. First, the findings of the study may not be generalized beyond populations of largely male, elderly and with diabetes; and CKD patients identified based on two eGFR values less than 60 ml/min/1.73 m 2 . Second, we were not able to identify transient or temporary dialysis, resulting in censoring some patients whose kidney function was resilient and their creatinine values later improved during the followup. Lastly, the primary goal of this study was to evaluate eGFR variability as a new risk factor in CKD progression in order to enhance clinical decisions by clinicians, and resources planning by policy makers/administrators; nonetheless, assessing factors affecting eGFR variability as future work is warranted. We suspect variability in eGFRs may be related to medication changes, acute diseases (infections, cardiac events, etc.) and hospitalizations (although we included only outpatient creatinine values in this study). Indeed, in an effort to assess eGFR variability as a risk factor without the influence of some severe cardiac conditions, we conducted two separate additional analyses where we excluded 1) patients with a prior history of CHF at baseline or 2) patients with CHF anytime during the study period (but prior to CKD outcomes if applicable). The findings remained similar.
Conclusions
In conclusion, this study provides support for evaluating eGFR variability as an independent risk factor of dialysis/death, regardless of CKD stage. It has important clinical implication because patients may benefit from monitoring of eGFR variability in addition to their rates of eGFR decline.
Additional file
Additional file 1: Codes used in the study for determination of dialysis and access (fistula procedure). Description: This file lists codes used in the study for determination of dialysis in the baseline period (to remove study subjects) and in the outcome years (for study of dialysis as an outcome).
